Cardiac antigen-specific CD8 + T cells are involved in the autoimmune component of human myocarditis. Here, we studied the differentiation and migration of pathogenic CD8 + T cell effector cells in a new mouse model of autoimmune myocarditis. A transgenic mouse line was derived that expresses cardiac myocyte restricted membrane-bound ovalbumin (CMy-mOva). The endogenous adaptive immune system of CMy-mOva mice displays tolerance to ovalbumin. Adoptive transfer of naive CD8 + T cells from the ovalbumin-specific T cell receptor-transgenic (TCR-transgenic) OT-I strain induces myocarditis in CMy-mOva mice only after subsequent inoculation with ovalbumin-expressing vesicular stomatitis virus (VSV-Ova). OT-I effector T cells derived in vitro in the presence or absence of IL-12 were adoptively transferred into CMy-mOva mice, and the consequences were compared. Although IL-12 was not required for the generation of cytolytic and IFN-g-producing effector T cells, only effectors primed in the presence of IL-12 infiltrated CMy-mOva hearts in significant numbers, causing lethal myocarditis. Furthermore, analysis of OT-I effectors collected from a mediastinal draining lymph node indicated that only effectors primed in vitro in the presence of IL-12 proliferated in vivo. These data demonstrate the importance of IL-12 in the differentiation of pathogenic CD8 + T cells that can cause myocarditis.
Introduction
Myocarditis and dilated cardiomyopathy are associated with enteroviruses and other viral infections. In addition to direct cytopathic effects of cardiotropic viruses, there is compelling evidence that autoimmune responses contribute to the heart disease in a significant subset of patients with myocarditis and in several animal models (1) (2) (3) (4) (5) . Autoantibodies specific for heart antigens are prevalent in patients with myocarditis and dilated cardiomyopathy, and they are more frequently found in asymptomatic relatives of patients with cardiomyopathy than in the general population (6) . Evidence for a role of self-reactive T cells in human myocarditis includes the demonstration of myocardial antigen-specific T cells in biopsies from patients with myocarditis and the induction of disease in SCID mice by transfer of blood T cells from patients with myocarditis (7) . A pathogenic role for T cells in virus-induced murine myocarditis is indicated by experiments in which depletion of CD4 + or CD8 + T-cell subsets before infection with coxsackievirus B3 (CVB3) reduced the severity of disease (8) . Furthermore, the myocarditic effects of CVB3 infection are partly ameliorated in CD4 knockout mice, and are further reduced in combined CD4 + /CD8 + knockout mice (9) . CVB3 myocarditis is also suppressed in lck knockout mice, which have decreased numbers and impaired function of mature T cells (10) .
Innate immune responses that accompany viral infections are required for the development of protective adaptive immune responses and may contribute to the development of pathological autoimmune responses (11) . IL-12, produced mainly by pathogen-stimulated macrophages and dendritic cells, is an important link between innate and adaptive immune responses, and it has been implicated in the pathogenesis of several autoimmune diseases (12) (13) (14) (15) as well as myocarditis (16) . Experimental autoimmune myocarditis (EAM) is induced by immunization of rodents with cardiac myosin peptides in CFA along with systemic sensitization with pertussis toxin, and it is largely mediated by CD4 + T cells (17) (18) (19) . EAM appears to be dependent on IL-12, and the effects of IL-12 in this model are independent of IFN-γ (20, 21) . Furthermore, in some strains of mice, the autoimmune component of virally induced myocarditis is dependent on IL-12 (4) .
The clonal expansion and differentiation of naive CD8 + T cells into effector cytolytic T cells requires at least two signals provided by APCs, including peptide-MHC complexes that engage the T cell receptor and costimulatory molecules, such as CD80 or CD86, that interact with CD28 on the T cell. Previous studies have shown that IL-12 can enhance cytotoxic T lymphocyte (CTL) responses and suggest that this cytokine provides an obligatory adjuvant-like "third" signal required for the generation of CTL effectors from naive CD8 + T cells (22, 23) . Since IL-12 is produced as part of the innate immune response to viral infections (11) and is reported to be important in the development of autoimmune myocarditis (13, 20, 21) , we hypothesized that this cytokine may be crucial for the generation of cytopathic CD8 + effector cells that play a central role in myocarditis. We tested this hypothesis using a newly developed transgenic model of myocarditis that permits us to examine the pathogenicity of uniform populations of CD8 + T cells specific for a single antigen expressed in the myocardium.
Methods
Cardiac myocyte restricted membrane-bound ovalbumin transgenic construct. The DNA sequence corresponding to residues 139-387 of the ovalbumin gene (GenBank accession number V00383.1) was cloned downstream to DNA encoding residues 2-118 of the human transferrin receptor (CD71, GenBank accession number XM-052730), similar to a membrane ovalbumin fusion molecule described previously (24) . The CD71-ovalbumin sequence was then cloned upstream to the DNA sequence encompassing bases 942-1332 of the pcDNA3.1V5-His6-TOPO plasmid (Invitrogen, Carlsbad, California, USA), which includes polyadenylation signals. The resulting "mOva" cDNA construct was inserted into pcDNA3.1 (Invitrogen) and transfected into NIH-3T3 cells and DO.11 hybridoma cells (American Type Culture Collection, Manassas, Virginia, USA), and expression of the encoded protein was verified by immunofluorescence microscopy and flow cytometry using specific antibodies to ovalbumin and the V5 epitope (data not shown). Subsequently, this mOva construct was cloned directly downstream to a DNA segment encoding the murine cardiac α-myosin heavy-chain promoter (αMyHC-P, GenBank accession number U71441.1), kindly provided by J. Gulick (Children's Hospital Medical Center, Cincinnati, Ohio, USA) (25) . The final "αMyHC-P-mOva" DNA construct (Figure 1a) was amplified in competent bacteria, linearized with specific endonucleases, separated on agarose gel, extracted on QIAquick columns (Qiagen Inc., Valencia, California, USA), and then fully sequenced.
Mice. All mice used in the current study were bred in the pathogen-free facility at the Braunwald Medical Research Center, in accordance with the guidelines of the committee of animal research at Harvard Medical School and the NIH animal research guidelines. A transgenic mouse line we named Cardiac myocyte restricted membrane-bound ovalbumin (CMy-mOva) carrying the above-described αMyHC-P-mOva transgene was generated by a standard pronuclear microinjection directly into embryonic stem cells derived from C57BL/6 mice. All of the CMy-mOva transgenic animals used for this study originated from the same founder, were maintained on a C57BL/6-Thy 1.2 (CD90) background, and were heterozygous for the transgene. Careful examination indicated that CMymOva mice are healthy and have no cardiac functional abnormalities, as determined by ultrasonographic studies, or histological abnormalities for over 2 years of age. The OT-I T cell receptor (TCR) transgenic mouse strain (26) was kindly provided by W. R. Heath and F. Carbone (Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia) and was maintained on a C57BL/6-Thy 1.1 (CD90.1) background. The OT-I TCR is expressed on CD8 + T cells and is specific for the ovalbumin peptide p.257-264 (SIINFEKL) bound to the class I MHC molecule H2-K b (27) . Signal transducer and activator of transcription 4 -/-(STAT-4 -/-) mice on a C57BL/6 background (28) were provided by M. Grusby (Harvard School of Public Health, Boston, Massachusetts, USA). C57BL/6 mice used in the study were all purchased from the Jackson Laboratory (Bar Harbor, Maine, USA).
Vesicular stomatitis virus production and inoculations. Vesicular stomatitis virus (VSV) and ovalbumin encoding VSV (VSV-Ova) were obtained from L. Lefrancois (University of Connecticut, Storrs, Connecticut, USA). Preparations and titration of VSV and VSV-Ova were performed as previously described (29) . Where indicated, mice were inoculated with 10 6 PFU of VSV or VSV-Ova preparations through intravenous injection into the tail vein.
Cell preparations. Spleen and lymph nodes were harvested from OT-I TCR transgenic mice, single-cell suspensions were prepared and treated with Tris-ammonium chloride (TAC) buffer to lyse erythrocytes, and CD8 + cells were purified using a MACS CD8a (Ly-2) MicroBeads kit (Miltenyi Biotec Inc., Auburn, California, USA). This protocol typically yielded over 95% CD44 low CD8 + CD4 -cells, as assessed by flow cytometry.
Preparation of OT-I CD8 + effector T cells was performed as described previously (30) . Briefly, naive CD8 + OT-I cells were placed in culture with mitomycin-C-treated (Sigma-Aldrich, St. Louis, Missouri, USA) APCs prepared from spleens of C57BL/6 mice (31) at a T cell/APC ratio of 1:10, with 10 µM (final concentration) ovalbumin peptide antigen (SIINFEKL), with 2 µg/ml anti-CD28 (BD-Pharmingen, San Diego, California, USA); and with 50 U/ml mouse IL-2 (R&D Systems, Minneapolis, Minnesota, USA). All cultures were maintained in RPMI medium (Invitrogen) supplemented with 10% heat-inactivated FCS (Sigma), 2 mM Na-pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10 mM HEPES (Invitrogen) in 75-cm 2 flasks and were incubated at 37°C (5% CO 2 ). In some cultures, 10 ng/ml recombinant mouse IL-12 (R&D Systems) was added at the outset, and the resulting effector populations will henceforth be referred to as OT-I IL-12 effectors. In some cultures, IL-12 was not added, but instead 2 µg/ml anti-IL-12 blocking antibody (BD-Pharmingen) was added, and the resulting effector populations will henceforth be referred to as OT-I 0 effectors. All cultures were diluted 1:1 with fresh medium containing 25 U/ml IL-2 (Invitrogen) after 3 days, and cells were harvested for use at day 5. In some experiments, the OT-I cells were stimulated with splenic APCs prepared from C57BL/6 STAT-4 -/-mice. In some experiments, plate-bound anti-CD3 plus soluble anti-CD28 (2 µg/ml, both reagents from BDPharmingen) were used to stimulate the OT-I cells in the absence of peptide or APCs.
T cell cytolytic activity assays. Cytolytic activity of CD8 + CTL was measured against H-2K b -expressing EL4 target cells (ATCC) pulsed with SIINFEKL by a conventional [ 51 Cr]sodium chromate release assay (27) and by the Live/Dead Cell-Mediated Cytotoxicity Kit (Molecular Probes Inc., Eugene, Oregon, USA) according to the manufacturer's guidelines.
Flow cytometry analyses. Before analysis, lymphocyte preparations were washed twice in staining buffer (Dulbecco's phosphate-buffered saline [DPBS] with 1% BSA). For phenotypic analysis of surface markers, 0.5 × 10 6 cells were suspended in 100 µl of staining buffer containing 1µg of each specific antibody and incubated on ice for 20 minutes followed by washing and fixation with 0.5% paraformaldehyde. Stained-cell preparations were then analyzed by flow cytometry using a FACScalibur instrument and CellQuest software (Becton Dickinson, San Jose, California, USA). Expression of the OT-I TCR was detected with anti-Vα2 and anti-Vβ5 antibodies (29) . Other specific antibodies used for flow cytometry were as follows: phycoerythrin-conjugated anti-mouse CD90.1/Thy 1.1 (clone OX-7), fluorescein-conjugated anti-mouse CD44 (clone IM7), and fluorescein-conjugated antimouse CD25 (IL-2R α chain, clone 7D4). All antibodies were purchased from BD-Pharmingen.
In vivo proliferation of T cells was followed by flow cytometric analysis of CFSE-stained cells (Molecular Probes) as described (32) . Effector cells were harvested from culture at day 5, washed, and rested in media with 10 U/ml IL-2 but no antigen for 24 hours before CFSE labeling and adoptive transfer.
ELISA detection of cytokines, cardiac troponin-T, ovalbumin protein, and specific antibodies. To assay IFN-γ production, OT-I 0 or OT-I IL-12 cells from differentiation cultures were washed twice and restimulated in 1-ml polystyrene wells coated with 5 µg of anti-CD3ε plus 2 µg/ml anti-CD28 (BD-Pharmingen), and supernatants were collected after 48 hours of culture. Assays for IL-12 were performed on supernatants of OT-I differentiation cultures sampled at 24, 48, and 72 hours. IFN-γ-or IL-12-specific ELISAs were performed using the appropriate antibody pairs (BD-Pharmingen), avidin-conjugated alkaline phosphatase (Sigma-Aldrich), and SIGMA-FAST pNPP-substrate (Sigma-Aldrich). OD measurements at 405 nm were performed on an Emax microplate reader (Molecular Devices, Sunnyvale, California, USA). Calibration curves were generated with recombinant IFN-γ or IL-12 standards (BD-Pharmingen).
For analysis of ovalbumin protein, lysates were prepared from well-perfused CMy-mOva and C57BL/6 hearts by repetitive freeze-thaw cycles followed by homogenization and centrifugation. Serial dilutions of the lysates were directly applied to ELISA plates, specific detection of ovalbumin protein was performed by incubation with purified anti-ovalbumin IgG, and subsequent detection was performed as described above, using alkaline phosphatase-conjugated antibodies.
Anti-ovalbumin IgG titers in mouse serum were determined by ELISA on microtiter plates coated with ovalbumin or an equal concentration of BSA (SigmaAldrich) as controls. Twofold serial dilutions of mouse sera were applied into microwells and incubated for 2 hours at 37°C, followed by washing with PBS pH 7.2 containing 0.5% Tween-20 (SigmaAldrich). Detection of mouse IgG specifically adsorbed to coated microwells was performed using 0.5 µg/ml alkaline phosphatase-conjugated goat antimouse IgG (H+L) (Southern Biotechnology Associates, Birmingham, Alabama, USA). Plates were developed as described for IFN-γ ELISA.
Serum levels of cardiac troponin-T (cTnT) were measured by a clinical quantitative sandwich enzyme immunoassay technique, which cross-reacts with mouse troponin (Troponin T STAT; Roche Diagnostics, Indianapolis, Indiana, USA) on the 1010 Elecsys Immunoanalyzer (Roche Diagnostics).
Adoptive transfer of T cells. For adoptive transfer experiments, single-cell suspensions of naive or effector Thy 1.1 + OT-I cells in DPBS were injected into the peritoneum of recipient mice in a total volume of 0.5 ml. When indicated, cells were adoptively transferred intravenously through the tail vein in a suspension with a total volume of 100 µl.
Mouse tissue sampling and processing. Each mouse was anesthetized by ketamine injection (0.01 ml per 10 g of body weight), the thorax was opened, the inferior vena cava was nicked, and the animals were lethally exsanguinated by perfusion of >10 ml DPBS through a 25°n eedle into the left ventricle. Hearts were then removed, placed in a petri dish with ice-cold RPMI medium, and cut with a scalpel to yield three transverse biventricular sections. The basal section was rapidly frozen in TissueTek OCT compound (Sekura Finetek Inc., Torrance, California, USA) and stored at -80°C for subsequent immunohistochemical staining. The mid portion was fixed with 10% phosphate-buffered formalin, embedded in paraffin, and used for preparation of hematoxylin-and eosin-stained sections. The apical portion was fixed in Trizol reagent for subsequent RNA extraction. Mediastinal lymph nodes, spleen, and subcutaneous lymph nodes were removed, and single-cell suspensions were prepared for flow cytometry studies.
Grading myocarditis. Myocarditis was graded by microscopic examination of hematoxylin-and eosin-stained sections in a blinded fashion by a trained pathologist after examination of the entire area of three sections, using a 0-4 scale as follows: 0 indicates no inflammation; 1, one to five distinct mononuclear inflammatory foci with involvement of 5% or less of the cross-sectional area; 2, more than five distinct mononuclear inflammatory foci, or involvement of over 5% but not over 20% of the cross-sectional area; 3, diffuse mononuclear inflammation involving over 20% of the area, without necrosis; and 4, diffuse inflammation with secondary necrosis and acute inflammation.
Assessment of cardiac function by ultrasonography and electrocardiography. Transthoracic echocardiography, using a 12-MHz probe and an Agilent Sonos 4500 ultrasonograph (Philips Medical Systems, Bothell, Washington, USA), and simultaneous electrocardiography were performed as previously described (33, 34) .
Immunohistochemistry. Immunohistochemistry was performed as previously described (35) . Five-micrometer-thick cryostat sections of heart were fixed in acetone, blocked with 1% BSA in PBS at room temperature, incubated with unlabeled primary antibodies (each at 1-10 µg/ml) at room temperature followed by washing in PBS, and then incubated with biotinylated secondary antibodies (each at 2.5 or 5 µg/ml) at room temperature. Primary rat anti-mouse antibodies included anti-CD4, anti-CD8, anti-Ly6-G (GR-1), anti-CD11b, and anti-class I MHC (all from BD-Pharmingen). Unlabeled isotype-matched antibodies were used as controls. The sections were then incubated with biotinylated goat anti-rat Ig (1:200; Jackson Immuno Research, West Grove, Pennsylvania, USA) at room temperature. CD90.1 (Thy 1.1) was detected using a directly biotinylated antibody (BD-Pharmingen). Sections were then blocked with 0.3% hydroperoxide/PBS at room temperature and incubated with HRP:avidin:biotin complex solutions at a 1:1:100 dilution (Vector Laboratories, Burlingame, California, USA). The antibody binding was detected with 3-amino-9-ethylcarbazole (Vector Laboratories) and counterstained with Gill's number 2 hematoxylin solution (Polysciences Inc., Warrington, Pennsylvania, USA).
Real-time PCR. Quantitative real-time RT-PCR was performed as described elsewhere (36) . Briefly, total RNA was isolated from approximately 10 mg of heart tissue, using TRIZOL reagent (Invitrogen) T cells. To eliminate residual traces of DNA, total RNA samples were treated with DNaseI (Invitrogen). For the generation of cDNA, total RNA was quantified by absorbance at 260 nm, and equal amounts from each sample were used as templates for reverse transcription of firststrand cDNA using the ThermoScript RT-PCR system according to the manufacturer's instructions (Invitrogen). For quantitative real-time RT-PCR analysis, 50 ng of cDNA were placed into 50-µl reaction wells in a 96-well optical reaction plate (Applied Biosystems, Foster City, California, USA) containing SYBR Green PCR mix (Applied Biosystems) and sequence-specific oligonucleotide primers (900 nM each) designed using PrimerExpres software (Applied Biosystems). The thermal cycle conditions used for all reactions were as follows: activation, 50°C for 2 minutes; denaturation, 95°C for 10 minutes; and cycle, 95°C for 15 seconds to 60°C for 1 minute (40 times). Specific primers used for sequence detection were as follows: for detection of message for the mOva transgene, 5′-AGTGGCATCAATGGCTTCT (sense) and 5′-GTTGATTATACTCTCAAGCTGCTCA (antisense); for IFN-γ, 5′-AACGCTACACACTGCATCTTGG (sense) and 5′-GCCGTGGCAGTAACAGCC (antisense); for CCR3, 5′-TGCTGTGCTACTGAGTCAGCG (sense) and 5′-CTACAGCCAGGTGGAGCAGG (antisense); for CCR5, 5′-CCATGCAGGCAACAGAGACTC (sense) and 5′-TCTCTC-CAACAAAGGCATAGATGA (antisense); for CCR7, 5′-CACGCTGAGATGCTCACTGG (sense) and 5′-CCATC-TGGGCCACTTGGA (antisense); and for GAPDH, 5′-GGCAAATTCAACGGCACAGT (sense) and 5′-AGATGGT-GATGGGCTTCCC (antisense). All real-time reactions were carried out on an ABI 5700 Sequence Detection System (Applied Biosystems), and analysis was performed with the accompanying software. Sequences of amplicons resulting from real-time RT-PCR were verified by dissociation analysis and by sequencing. Levels of IFN-γ and mOva gene expression in tissue samples were expressed relative to endogenous levels of GAPDH expression in the same sample. All heart specimens examined in this study had nearly equal levels of GAPDH gene expression that were not affected by the treatments we applied.
Results
Tissue-specific expression of the CMy-mOva transgene. Conventional and real-time RT-PCR analysis of RNA collected from different tissues indicates that the mOva transgene is selectively expressed only in cardiac tissue in the CMy-mOva transgenic mouse (Figure 1b) . This cardiac-specific expression is consistent with other transgenic models using the same αMyHC-P (25, 37). By ELISA, we were able to detect substantial amounts of ovalbumin protein in lysates of CMy-mOva hearts but not in hearts taken from C57BL/6 control animals, and immunofluorescence staining indicated that the transgene was expressed in myocytes (data not shown).
CMy-mOva mice are tolerant to ovalbumin. In order to determine if CMy-mOva mice are tolerant to ovalbumin as a result of expression of the transgene in the heart, we exposed the animals to exogenous ovalbumin using different routs of immunizations. CMy-mOva mice did not show humoral or cellular immune responses to ovalbumin injection in CFA or to inoculation with VSVOva (Table 1) , whereas nontransgenic C57BL/6 mice responded strongly. Furthermore, these treatments did not lead to any inflammatory consequences in the myocardium of either CMy-mOva or control mice (Table 1) .
Adoptive transfer of naive ovalbumin-specific T cells induces myocarditis in CMy-mOva mice only after VSV-Ova infection.
Since CMy-mOva mice are tolerant to ovalbumin expressed in the heart, the effects of adoptively transferred ovalbumin-specific T cells can be studied in isolation from the endogenous adaptive immune responses. Adoptive transfer of substantial numbers of naive CD8 + OT-I cells did not result in any detectable myocardial inflammatory process in CMymOva after 7, 30, or 60 days (Table 2 and data not shown). In contrast, when CMy-mOva mice were injected with naive OT-I cells and then inoculated with VSV-Ova 24 hours later, myocarditis developed and all the mice died within 8 days. Infection of CMymOva mice with wild-type VSV after naive OT-I transfer did not lead to myocarditis, nor did infection of C57BL/6 mice with either VSV-Ova or VSV (Table 2 ). These data show that exposure to a cardiac antigen in the setting of a highly immunogenic viral infection that induces a vigorous innate immune response can prime naive cardiac antigen-specific CD8 + T cells to become pathogenic effectors.
The influence of IL-12 on activation and differentiation of OT-I cells in vitro.
We further examined the requirements for the differentiation of pathogenic effector CTLs by activating naive OT-I cells in vitro under different conditions before adoptive transfer into CMy-mOva mice. Stimulation of naive OT-I cells in vitro with SIINFEKL, splenic APCs with or without supplementary IL-12 (10 ng/ml), resulted in an approximately 20-fold clonal expansion and differentiation into cells with an activated phenotype (CD44 hi CD25 + ) within 5 days of culture (Figure 2a) . The degree of clonal expansion and the expression of activation markers CD25 and CD44 were indistinguishable between cultures that were or were not supplemented with exogenous IL-12. By ELISA, we could not detect any endogenous IL-12 in cultures that 
Table 2
Activation of naive OT-I T cells in CMy-mOva mice by VSV-Ova inoculation were not supplemented with exogenous IL-12 (detection limit, <9 pg/ml) (data not shown). Moreover, there was no observed effect of 5 µg/ml anti IL-12 blocking antibody on cell yield or the phenotype of cells when added to cultures without exogenous IL-12 (data not shown). Interestingly, chemokine receptor expression, as measured by real-time RT-PCR, was different between OT-I IL-12 and OT-I 0 cells. In particular, CCR5 expression was significantly higher in OT-I IL-12 cells, and CCR7 expression was significantly higher in OT-I 0 cells (Figure 2b) . CXCR3 expression was not significantly different between the two T-cell populations. Although IL-12 is known to promote differentiation of naive CD4 + T cells into an IFN-γ-producing "Th1" phenotype, the requirement for IL-12 in differentiation of IFN-γ-producing CD8 + effectors is not clear. For example, OT-I cells differentiated in the absence of IL-12 and the presence of IL-4 still produce IFN-γ (29) . When OT-I 0 and OT-I IL-12 effectors were restimulated using immobilized anti-CD3 antibody, they were equally capable of secreting IFN-γ (Figure 2c ). In contrast, when the cytolytic activity of the OT-I populations were compared, we found that OT-I IL-12 effectors were approximately twice as efficient in killing SIINFEKL-loaded target cells as were OT-I 0 effectors (Figure 2d) .
In vivo behavior of activated OT-I cells in CMy-mOva mice: priming in the presence of IL-12 is required for generation of pathogenic effectors.
Adoptive transfer of OT-I IL-12 effectors into CMy-mOva mice consistently caused myocarditis that led to death at 96-144 hours, depending on the dose of T cells transferred (Figure 3a) . The severity of myocarditis, evaluated by histological grading of hearts sampled at 72 hours after transfer, was a function of the number of T cells transferred (data not shown). Inflammation and damage to the hearts was characterized by intense lymphocytic infiltration, numerous lymphoblastic mitotic figures, myocyte apoptosis and necrosis, as well as secondary infiltration of macrophages and neutrophils (Figure 3b) . No inflammation was seen in skeletal muscle or other tissues in the CMy-mOva mice with myocarditis, nor in hearts of nontransgenic C57BL/6 mice injected with the same OT-I IL-12 cells (data not shown). Immunohistochemical analysis confirmed the abundant presence of Thy1.1 + cells, which specifically mark the adoptively transferred OT-I cells in the Thy1.2 hosts (Figure 3b ). By immunohistochemistry, there was a paucity of CD4 + T cells present, but foci of macrophages and granulocytes were present (data not shown). Real-time RT-PCR analysis of myocardial tissue indicated abundant IFN-γ expression in the inflamed hearts that correlated with the histological score (Figure 4a ). Several chemokine mRNAs, including IP-10, MCP-1, Mig, Mip-1α, Mip-1β, and RANTES were also elevated in inflamed hearts as compared with hearts from untreated CMy-mOva mice (data not shown). Class I MHC was detected by immunohistochemistry on myocytes from CMy-mOva hearts, and there was increased expression in the setting of myocarditis (data not shown). In addition to the histology, myocyte damage could also be demonstrated by a significant increase in the serum levels of cTnT in the CMy-mOva animals that received OT-I IL-12 effectors (Figure 4b ). Functional studies indicated that the mice with myocarditis had diminished contractile functioning (fractional shortening) and bradycardia with irregular rhythm. These changes correlated with the presence of T-cell infiltration and cTnT in the serum.
The results of adoptive transfer of OT-I 0 were strikingly different from those obtained with OT-I IL-12 cells. Transfer of OT-I 0 effector cells (activated in the absence of IL-12) did not result in lethal myocarditis in CMymOva mice (Figure 3a ). There were rare small foci of T-cell infiltration in the hearts of animals that received these cells, but there was no histological evidence of myocyte damage or secondary inflammation ( Figure  3b) . Furthermore, IFN-γ mRNA expression was not elevated in the hearts of these animals (Figure 4a ), and these findings also correlated with the absence of cTnT in the serum (Figure 4b ). Even though there was no histological evidence of significant OT-I 0 cell accumula-
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The tion in the hearts or myocardial damage, real-time RT-PCR analyses did indicate indirectly that at least some OT-I 0 T cells had entered the heart and had some local effects. Specifically, as compared with hearts from CMy-mOva animals that did not receive T-cell transfers, hearts removed from CMy-mOva mice at72 hours after OT-I 0 transfer had elevated levels of IP-10 and Mig mRNAs, similar to animals receiving OT-I IL-12 cells (data not shown). Unlike OT-I IL-12 recipients, OT-I 0 -recipient hearts did not have elevated levels of MCP-I, Mip-1α, Mip-1β, or RANTES mRNAs.
To determine if IL-12 was directly acting on the T cells during the differentiation of pathogenic effectors or was acting indirectly through APCs, we generated OT-I IL-12 cells using splenic APCs from C57BL/6 STAT-4 -/-mice, which have impaired responses to IL-12. The effector T cells derived under these conditions were as potent in inducing lethal myocarditis as were OT-I IL-12 effectors generated in the presence of STAT-4 +/+ C57BL/6 APCs (Figure 3a) . We also found that IL-12 supported the differentiation of pathogenic effectors when CD8 + OT-I T cells were stimulated by the combination of immobilized anti-CD3 and soluble anti-CD28 in the absence of APCs and antigen (data not shown). Together, these findings further indicate that IL-12 acts directly on T cells rather than through effects on APCs.
In vivo proliferation and migration of OT-I effector cells. There was no detectable myocarditis in CMy-mOva hearts up to 48 hours after adoptive transfer of 3 × 10 6 OT-I IL-12 or OT-I 0 cells (Figure 5a ). Nonetheless, enlarged lymph nodes could be consistently identified in the mediastinum adjacent to the right mainstem bronchus by 48 hours after adoptive transfer of either type of OT-I effector T cell (Figure 5b ). Flow cytometric analysis of cell suspensions recovered from these nodes indicated that they contained activated OT-I cells (Figure 5b ). Both OT-I 0 and OT-I IL-12 effectors were found with equivalent frequency and comparable CD25 expression in the mediastinal lymph nodes of CMy-mOva mice at 48 hours. The presence of OT-I cells in the lymph nodes before any evidence of myocardial inflammation in mice receiving OT-I IL-12 cells suggests that these T cells first home to the draining lymph nodes of the heart before they migrate to the myocardium. OT-I cells could not be found in extramediastinal lymph nodes (data not shown). Because both OT-I 0 and OT-I IL-12 T cells found in the peribronchial lymph node at 48 hours had activated phenotypes, we wished to determine the proliferative status of these two populations. Using CFSE-labeled OT-I cells, we were able to determine that in the peribronchial lymph node, OT-I IL-12 cells had undergone significant proliferation before 72 hours, whereas OT-I 0 cells had not (Figure 5c ). Histological grading of myocarditis at sequential time points revealed that OT-I IL-12 -mediated myocarditis developed between 48 and 72 hours after adoptive transfer. In contrast, after transfer of OT-I 0 effectors, a transient infiltrate was observed in the heart at 72 hours, but there was no infiltrate seen at later time points (Figure 5d ).
Discussion
This study utilizes a newly developed model of T-cell myocarditis that has allowed us to compare the in vivo behavior of different populations of T cells specific for the same defined myocardial antigen. A transgenic model of myocarditis has been described using mice expressing bacterial β-galactosidase (β-gal) under the control of a smooth-muscle cell-specific promoter (38) . In those animals, myocarditis restricted to the right ventricle and accompanied by pulmonary and systemic arterial inflammation can be induced by repetitive immunization with β-gal peptide-pulsed dendritic cells. The model described here is based on transgenic models of organ-specific immunity in which OT-I TCR transgenic T cells are adoptively transferred into animals expressing transgenic ovalbumin in pancreatic islets and kidney (24, 39, 40) or intestine (41) . The fact that the endogenous immune system of the CMymOva mice is tolerant to ovalbumin simplifies the interpretation of adoptive transfer experiments of ovalbumin-specific T cells, because secondary activation of the host adaptive immune system does not play a significant role in the pathologic processes. Adoptively transferred naive ovalbumin-specific CD8 + T cells do not spontaneously cause myocarditis in the CMymOva mouse, and this is consistent with the tolerant behavior of naive OT-I cells transferred to mice expressing ovalbumin in pancreatic islets or intestine (39, 41) . Naive OT-I cells were activated and became pathogenic effectors in the CMy-mOva mouse after VSV-Ova inoculations, consistent with the hypothesis that innate immune responses associated with viral infection provide signals that overcome self-tolerance and lead to the generation of pathogenic effector T cells.
Recent studies using peptide immunization-induced EAM clearly indicate the importance of IL-12 in the development of autoimmune disease. Nonetheless, the influence of IL-12 on the development of pathogenic CD8 + T cells is not clarified by those studies, since EAM is predominantly a CD4 + T-cell-mediated process. The adaptive immune response to viral infections, including myocarditic viruses, includes a predominant CD8 + T cell response. Furthermore, IL-12 secretion is one component of the innate immune response to viral infections that influences the type of viral-specific adaptive immune response that will develop (42, 43) . It is therefore important to know how IL-12 may influence the differentiation of pathogenic CD8 + effector T cells that can cause myocarditis. The data presented in this paper
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The indicate that IL-12 is not required for the differentiation of IFN-γ-producing CD8 + effector T cells, but it is required for the differentiation of CD8 + effector cells that can cause cardiac damage. Although OT-I effector T cells produced abundant IFN-γ in vitro whether or not they differentiated in the presence of IL-12, there was abundant IFN-γ expression only in the hearts of CMy-mOva mice that received OT-I IL-12 cells. This probably reflects the abundance of the OT-I IL-12 cells and the scarcity of the OT-I 0 cells in the hearts. Although recent reports suggest that IFN-γ is protective in EAM (21, 44), it does not appear to be protective in OT-I IL-12 -mediated myocarditis in the CMy-mOva mice, since there is abundant IFN-γ expression in the hearts of animals with lethal disease.
The ability to identify and analyze draining mediastinal lymph nodes in the CMy-mOva mice represents a significant advance that, to our knowledge, has not been reported in previous studies of murine autoimmune myocarditis. The unexpected data that adoptively transferred OT-I IL-12 effector T cells home to and accumulate in draining lymph nodes before they are detectable in the heart ( Figure 5 ) suggests that these T cells must undergo further lymph node-based activation before they are competent to infiltrate and cause damage to the heart. Furthermore, OT-I IL-12 cells proliferate in the host mice after adoptive transfer. The nonpathogenic OT-I 0 cells also accumulate in the draining lymph nodes to the same extent as the OT-I IL-12 cells; however, they do not proliferate. These data indicate that OT-I 0 cells are viable and activated in vivo yet fail to proliferate and migrate in significant numbers into the myocardium.
In summary, it is likely that the IL-12-induced phenotype of CD8 + T cells includes several components that render these cells more effective mediators of antimicrobial immunity and more pathogenic effectors of autoimmunity. The relatively greater pathogenicity of OT-I IL-12 cells as compared with OT-I 0 cells may reflect more than one of these IL-12-induced changes. First, we find that there is a proliferative block of OT-I 0 but not OT-I IL-12 cells in draining lymph nodes. Second, OT-I IL-12 cells exhibit enhanced cytolytic activity relative to OT-I 0 cells, which is consistent with the results of other studies with CD8 + T cells. However, reduced lytic ability cannot explain the minimal infiltration of the cells into the heart. Third, our finding that OT-I IL-12 cells express more CCR5 and less CCR7 than OT-I 0 cells may explain the relative retention of OT-I 0 cells in lymph nodes and the propensity of OT-I IL-12 cells to home to heart. CCR5 binds Mip-1α, Mip-1β, and RANTES, all of which are expressed in the myocarditic hearts. CCR7 binds CCL19 and CCL21, which are present in T-cell zones of lymph nodes. The possibility of other IL-12-dependent changes in the migratory phenotype of CD8 + effectors is currently being investigated. The fact that a few OT-I 0 T cells are transiently detectable in CMymOva hearts, and that some chemokine mRNAs are elevated in the hearts of OT-I 0 recipients, suggests that the OT-I 0 T cells that do get into the heart mount a weak response that cannot be sustained. Therefore, IL-12 may have additional effects, including reducing T-cell susceptibility to negative regulatory mechanisms.
